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Abstract
Structural modification of eucalypt pulp lignin was in-
vestigated in a totally chlorine-free (TCF) bleaching
sequence including a laccase-mediator stage. This stage
was applied after two oxygen delignification stages, and
was followed by an alkaline peroxide stage. After two
oxygen delignification stages, two more stages with a
laccase mediator and alkaline peroxide were applied. The
residual lignins were enzymatically isolated from the dif-
ferent pulps and analyzed by spectroscopic techniques
and analytical pyrolysis. The latter revealed high amounts
of syringyl units ()70%) in the lignins. 13C-1H heteronu-
clear single quantum correlation (HSQC) NMR indicated
high amounts of b-O-49 inter-unit linkages ()75% side-
chains). Changes in lignin composition and inter-unit link-
ages were demonstrated in the course of the bleaching
sequence. Moreover, oxidative modification of the major
syringyl units was shown by C2,6-H2,6 HSQC correlations
and by the presence of oxidized pyrolysis markers in
pyrograms. The existence of both Ca keto and carboxyl
groups in the residual lignin, together with normal (Ca-
hydroxylated) units, was revealed by heteronuclear mul-
tiple bond correlation (HMBC) between aromatic H2,6 and
side-chain carbons. These Ca-oxidized structures repre-
sent nearly 60% of total units in the lignin isolated from
the enzymatically treated pulp. Analysis of residual lignin
after the final peroxide stage compared with a simple
alkaline treatment revealed that most of the oxidatively
altered lignin was removed by the alkali used in the per-
oxide stage. Thus, the kappa number decreased and the
final residual lignin was more structurally related to that
found before the oxidative stages, although it contained
less resinols and more carboxyl group-bearing units.
However, the action of peroxide is necessary to attain the
high brightness required ()90% ISO).
Keywords: 2D NMR; enzymes; Eucalyptus globulus;
FTIR; HMBC; HSQC; laccase-mediator system; paper
pulp; Py-GC/MS; TCF bleaching.
Introduction
World consumption of eucalypt wood for paper pulp
manufacturing has strongly increased during recent dec-
ades, including production of high-quality totally chlo-
rine-free (TCF) bleached pulps. However, environmentally
friendly bleaching of eucalypt paper pulps by oxygen and
peroxide treatment does not always lead to the bright-
ness levels and stability required.
Wood-rotting basidiomycetes are responsible for the
natural degradation of lignin, a key step for carbon recy-
cling in forest ecosystems (Martı´nez et al. 2005). Their
oxidoreductases have high redox potential, and may be
applied for delignifying and bleaching of paper-grade
pulps (Bajpai 2004). Ligninolytic peroxidases were inves-
tigated as agents for environmentally sound bleaching of
pulps, together with laccases (Paice et al. 1995). The
interest in laccases as industrial biocatalysts increased
after discovery of the laccase-mediator systems based
on low-molecular-mass redox mediators (Bourbonnais
and Paice 1990). More recently, -N(OH)- compounds
have been reported as efficient laccase mediators in de-
lignification of paper pulp (Poppius-Levlin et al. 1999b;
Camarero et al. 2004; Chakar and Ragauskas 2004).
Several issues remain to be solved before industrial
implementation of the laccase-mediator system at the
bleach plant level. Among them, the cost of mediators is
still an obstacle, although some alternatives are being
investigated (Camarero et al. 2005, 2007). New bleaching
sequences have been suggested for high-quality pulps,
in which laccase-mediator treatments are applied together
with chemical reagents for bleaching of flax (Garcı´a et al.
2003) and eucalypt TCF pulps (Ibarra et al. 2006a).
For optimizing enzymatic delignification, knowledge
about the chemical structure of lignin in terms of its p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenyl-
propanoid units and inter-unit linkages is useful. Lignin
isolation from hardwood pulps is one of the problems in
these studies (Duarte et al. 2001). A procedure has been
reported by Ibarra et al. (2004) for enzymatic isolation of
residual lignin from Eucalyptus globulus Labill pulp during
TCF bleaching. Thus, lignin modification after bleaching
could be studied (Ibarra et al. 2005). Compared with
chemical isolation, this procedure yields unaltered lignin
in moderate yield.
In the present study, residual lignin was enzymatically
isolated from eucalypt kraft pulp, which was bleached in
a laboratory TCF sequence including a laccase-mediator
stage (Ibarra et al. 2006a). Lignins were investigated by
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2D NMR, pyrolysis-gas chromatography/mass spectrom-
etry (Py-GC/MS) and Fourier-transform infrared (FTIR)
spectroscopy. Application of 2D NMR resulted in a
powerful tool for lignin characterization, since signals
overlapping in 1H and 13C NMR spectra are often resolved
(Ralph et al. 1999). Two-dimensional NMR has been used
to characterize residual lignins from different paper pulps
(Balakshin et al. 2001a, 2003; Chen et al. 2003; Roost
et al. 2003). This technique has been applied for analysis
of eucalypt wood lignin (Evtuguin et al. 2001; Capanema
et al. 2005), as well as residual lignin from eucalypt kraft
pulps (Balakshin et al. 2001b; Capanema et al. 2001a,b;
Ibarra et al. 2007). In spite of its potential, 2D NMR has
only rarely been used to investigate lignin modification
by laccase-mediators (Balakshin et al. 2001a; Ibarra
et al. 2006b; Xu et al. 2006). On the other hand, Py-GC/
MS is helpful in studying the S/G ratio and side-chain
modification of lignins, and FTIR spectroscopy provides
indication of the presence of functional groups (Faix
1992; del Rı´o et al. 2001; Ibarra et al. 2005). Using a
combination of these spectroscopic and degradative
techniques, good insight can be obtained into the struc-
tural modifications of eucalypt pulp lignin occurring dur-
ing enzymatic treatment and subsequent bleaching
steps.
Materials and methods
Enzyme-containing and control TCF bleaching
sequences
The enzyme-containing sequence was assayed in 4-l reactors
containing 200 g of E. globulus kraft pulp (10% consistency) with
a kappa number of 14.2 and a brightness of 41.2% ISO. The
pulp was treated with laccase from Pycnoporus cinnabarinus
(Jacq.) Fr. using a dose of 20 U g-1 dry weight (dw) in the pres-
ence of 1.5% (pulp dw) 1-hydroxybenzotriazole (HBT). The
above enzymatic treatment (stage L) was carried out under the
following conditions: time, 2 h; pH 4; temperature, 508C; and
pressure, 6 kg cm-2 O2. As described by Ibarra et al. (2006a), the
sequence (O-O-L-Q-PoP) also included two oxygen stages (O-
O), a chelation stage (Q), and an alkaline peroxide stage with a
first step under pressurized oxygen (PoP). The control sequence
(O-O-a-Q-PoP) included a stage under the same conditions as
for stage L, but without laccase and mediator (stage a). A sam-
ple of O-O-L pulp was treated in parallel with 1.5% NaOH (pulp
dw) for 1 h at 608C (stage E), and alkali lignin was precipitated
at acidic pH after removal of solubilized polysaccharide with
50% ethanol. Pulp brightness, kappa number and viscosity were
estimated by standard methods for up to four replicates (ISO
2003).
Isolation and characterization of residual lignins
Residual lignins were isolated after each stage of the above
sequences (and from the alkali-treated O-O-L pulp) by cellulase
hydrolysis, and purified with protease, dimethylacetamide
(DMAC) and NaOH as described by Ibarra et al. (2004). As
already reported, the yield of enzymatic residual lignin was
approximately 30% from unbleached eucalypt kraft pulp, and
lower from bleached pulps, but the lignins obtained were not
altered during isolation and exhibited a good degree of purity
(Ibarra et al. 2004, 2005).
Two-dimensional NMR spectra were recorded at 258C in a
Bruker AVANCE 500-MHz instrument using a z-gradient triple-
resonance probe. Lignins (40 mg) were dissolved in 0.75 ml of
DMSO-d6, and spectra were recorded in HSQC (heteronuclear
single quantum correlation) and HMBC (heteronuclear multiple
bond correlation) experiments. The relaxation delay for the 1H
NMR spectrum was 7 s (908 pulse angle). The number of points
collected was 32,000. The 1H NMR spectra were processed
using an exponential weighting function of 0.2 Hz prior to Fourier
transformation. The spectral widths for the HSQC were 5000
and 13,200 Hz for the 1H and 13C dimensions, respectively. For
HMBC, the 13C dimension was increased to 30,000 Hz. For both
HSQC and HMBC, the number of complex points collected was
2048 for the 1H dimension, with a recycle delay of 5 s. The num-
ber of transients was 64 for the HSQC spectra, and 128 for
HMBC, and 256 time increments were always recorded in the
13C dimension. The J-coupling evolution delay was set to 3.2 ms
in HSQC, while a long range J-coupling evolution time of 66 ms
was applied for HMBC. In HSQC experiments, a squared
cosine-bell apodization function was applied in both dimen-
sions. Prior to Fourier transformation, the data matrixes were
zero filled up to 1024 points in the 13C dimension. Signals were
assigned by combining experiments and comparing them with
the literature (Ralph et al. 1999, 2004, 2006; Capanema et al.
2001a, 2004b, 2005; Balakshin et al. 2003; Liitia¨ et al. 2003).
Semi-quantitative analysis of the HSQC cross-signal intensi-
ties was performed (Heikkinen et al. 2003; Zhang and Gellerstedt
2007). Volume integration of the cross-signals was performed
separately for the different regions of the HSQC spectra, which
contain signals that correspond to chemically analogous car-
bon-proton pairs. For these signals, the 1JCH coupling value is
relatively similar and suitable for semi-quantitative estimation of
the different C-H correlations. In the aliphatic oxygenated region,
inter-unit linkages were estimated from the Ca-Ha correlations,
except for structures D, E and J described below, and the
relative abundance of side chains involved in inter-unit linkages
and terminal structures was calculated. The S/G ratio of lignin
was estimated based on the aromatic C-H correlations of S- and
G-type units. The relative abundance of Ca-oxidized units, with
respect to total aromatic units, was determined in the same way.
The integrals were corrected for proton numbers.
FTIR spectra were obtained using a Bruker IF-28 spectro-
photometer with 1 mg of lignin in 300 mg of KBr, and the base-
line was subtracted between valleys at ca. 1850 and 900 cm-1.
Pyrolyses were performed in triplicate at 5508C (pyrolysis time
10 s) using a CDS Pyroprobe (with AS-2500 autosampler) cou-
pled to Agilent GC (6890) and MS (5973 N) instruments. Sepa-
ration was carried out on a DV-1701 column (60 m=0.25 mm,
0.25-mm film) using a temperature program of 458C for 4 min,
increased to 2808C at 48C min-1 and 15 min at 2808C. Lignin
marker compounds were identified according to del Rı´o et al.
(2001).
Results
Enzyme-containing and control sequences
The main properties of eucalypt pulps from the bleaching
sequences with (O-O-L-Q-PoP) and without enzyme
(control, O-O-a-Q-PoP) are listed in Table 1, which also
presents the characteristics of the laccase mediator pulp
after alkaline treatment. Pulps with similar characteristics
were found after O-O (not shown) and O-O-a stages,
confirming that the control stage did not affect pulp prop-
erties. The main chemical structures identified in the
eucalypt pulp residual lignins are presented in Figure 1.
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Table 1 Main characteristics of the unbleached eucalypt kraft pulp, oxygen-delignified control pulp (O-O-a), oxygen-delignified pulp
treated with laccase mediator (O-O-L), laccase mediator pulp after alkaline treatment (O-O-L-E), oxygen-delignified control pulp after
chelation and peroxide stages (O-O-a-Q-PoP), and laccase mediator pulp after chelation and peroxide stages (O-O-L-Q-PoP).
Pulp
Kraft O-O-a O-O-L O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
Kappa number 14.2 10.3 8.6 5.4 6.7 5.2
Hexenuronic acids (mEq kg-1) 45.9 45.6 44.6 – 38.4 32.7
Brightness (% ISO) 41.2 55.7 57.8 73.0 87.9 91.2
Viscosity (ml g-1) 1188 981 870 742 788 693
Figure 1 Main structures in eucalypt residual lignin: (A) b-O-49; (B) resinol, formed by b-b9, a-O-g9 and g-O-a9 linkages; (C)
phenylcoumaran, formed by a-O-49 and b-59 linkages; (D) terminal b-O-49 with Ca9 carboxyl; (E) terminal p-hydroxycinnamyl alcohol;
(F) Cb carboxyl terminal unit; (G) guaiacyl unit; (G9) oxidized G units with a Ca ketone (R, lignin) or carboxyl group (R, OH; and R9,
lignin); (I, J) b-O-49 substructure Ca (R, polysaccharide; R9, H) or Cg etherified to carbohydrate (R, H; R9, polysaccharide); (K) xylan
(R, polysaccharide linked to lignin); (L) free (R, H) or esterified fatty acids; (S) syringyl unit; (S9) oxidized syringyl unit with a Ca ketone;
and (S0) oxidized syringyl unit with a Ca carboxyl. Only side-chain structures with relative abundance )1% are presented.
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Figure 2 Complete HSQC spectra, dC/dH 0–135/0–9 ppm, of lignins from: (a) unbleached kraft pulp; (b) O-O-a pulp; (c) O-O-L pulp;
(d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. Regions corresponding to aliphatic, oxygenated aliphatic (side-
chain) and aromatic 13C-1H correlations are observed. Cross-signals for xylan and other polysaccharides, anomeric carbon (K1),
residual DMSO, and contaminating poly(ethyleneoxy-propyleneoxy) (PP) (Liitia¨ et al. 2003), and DMAC are visible in a and f, but they
also appear in other samples and in Figure 3.
NMR spectroscopy
In HSQC spectra (Figure 2), regions can be distinguished
for non-oxygenated and oxygenated aliphatic and for
aromatic moieties (no signals with dC 135–205 ppm were
found). The main 13C-1H correlation signals assigned in
the different HSQC spectra are listed in Table 2.
The first HSQC region, which contains cross-signals of
extraneous materials (e.g., lipids) and unidentified lignin
degradation products, was not analyzed in detail. The
oxygenated aliphatic region (Figure 3) yields information
about inter-unit linkages (A–C) and some terminal struc-
tures (D–F) and was suitable for semi-quantitative esti-
mation of the relative abundances of the lignin side-chain
structures mentioned above (Table 3). Some non-oxy-
genated side-chain correlations (namely Bb and Cb) are
included in the same expanded region because of their
dC/dH values. This region also contains cross-signals for
xylans (K) and other polysaccharides (dC/dH 67–75/
3.0–3.8 ppm) for which anomeric C1-H1 correlations are
visible in Figure 2. Lignin-carbohydrate linkages were
revealed by cross-signals for some b-O-49 substructures
that are Ca or Cg-etherified with carbohydrates (I and J).
The aromatic region (Figure 4) provides information on
lignin constitutive units (such as S and G units), some of
them bearing oxidized side chains (S9, S0 and G9).
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Table 2 Assignment of main 13C-1H correlation signals in the HSQC spectra shown in Figures 2–4.
dC/dH (ppm) Assignment
53.7/3.42 Cb-Hb in phenylcoumaran substructures (C)
54.1/3.04 Cb-Hb in resinol substructures (B)
56.2/3.73 C-H in methoxyls (MeO)
60.1/3.40 and 3.70 Cg-Hg in b-O-49 substructures (A)
61.9/4.09 Cg-Hg in p-hydroxycinnamyl alcohol (E)
63.4/3.20 and 3.67 C5-H5 in xylan (K)
68.0/4.26 Cg-Hg in b-O-49 with Cg etherified with carbohydrate (J)
71.4/4.75 Ca-Ha in b-O-49 linked to a G-type unit (A)
71.7/3.81 and 4.17 Cg-Hg in resinol substructures (B)
72.6/4.88 Ca-Ha in b-O-49 linked to an S-type unit (A)
73.5/3.01 C2-H2 in xylan (K)
74.6/4.36 Ca-Ha in Ar-CHOH-COOH units (F)
75.3/3.32 C3-H3 in xylan (K)
75.3/3.49 C4-H4 in xylan (K)
83.0/4.54 Cb-Hb in b-O-49 with carboxyl in Ca’ (D)
83.1/4.61 Ca-Ha in b-O-49 Ca-etherified with carbohydrate (I)
84.1/4.29 Cb-Hb in b-O-49 linked to a G-type unit (A)
85.4/4.64 Ca-Ha in resinol substructures (B)
86.4–87.3/4.01–4.11a Cb-Hb in b-O-49 linked to an S-type unit (A)
87.5/5.46 Ca-Ha in phenylcoumaran substructures (C)
102.2/4.25 C1-H1 in xylan (K)
104.7/6.69 C2,6-H2,6 in syringyl units (S)
106.7/7.32 C2,6-H2,6 in oxidized (CasO) syringyl units (S9)
107.3/7.22 C2,6-H2,6 in oxidized (CaOOH) syringyl units (S0)
111.7/6.99 C2-H2 in guaiacyl units (G)
112.4/7.50 C2-H2 in oxidized guaiacyl units (G9)
115.4/6.72 and 6.94 C5-H5 in guaiacyl units (G)
119.6/6.81 C6-H6 in guaiacyl units (G)
124.0/7.4 C6-H6 in oxidized guaiacyl units (G9)
a Including Cb-Hb signals at 86.4/4.11 and 87.3/4.01 ppm corresponding to the erythro and threo forms, respectively, of side chains
b-O-49 linked to an S unit.
HMBC 2D NMR provides additional information on lig-
nin quaternary carbons based on their correlations with
protons at several-bond distances (Table 4). The former
included methoxy-bearing C3 and C5 in lignin units, fatty-
acid (L) carboxyl carbons (Figure 5a, d and g) and espe-
cially keto and carboxyl Ca in S9 and S0 structures (Figure
5b, e and h).
FTIR spectroscopy
All spectra (Figure 6) present three bands between 1507
and 1419 cm-1 and the 1594 cm-1 band of aromatic ring
vibrations. Other bands are due to ring breathing of S
(1328–1331 cm-1) and G units (1263–1266 cm-1), in-plane
bending of S (1122–1126 cm-1) and G units
(1032–1039 cm-1), and out-of-plane bending of G
(913–916 cm-1) and S units (833–836 cm-1). Bands at
1655–1661 cm-1 and 1716–1717 cm-1 correspond to
stretching of conjugated and non-conjugated carbonyls,
respectively, although the former also includes amide
bands and the latter carboxyl bands. The alkali lignin
spectrum includes carbohydrate bands (around 1000
cm-1), together with lignin bands. Small bands at 745 and
770 cm-1 were assigned to benzotriazole formed from
HBT during the enzymatic treatment of pulp, which incor-
porated into lignin.
Analytical pyrolysis
Lignin pyrograms (Figure 7) are dominated by peaks for
guaiacol, syringol, and their 4-methyl, 4-ethyl, 4-vinyl,
4-propenyl, 4-propine and 4-allyl derivatives (Table 5).
Aromatic aldehydes, ketones, and esters were also iden-
tified, as well as cinnamic-type aldehydes and alcohols.
A small benzotriazole peak was observed (Figure 7b).
Lignin S/G ratios and percentages of markers with oxi-
dized and shortened side-chains were calculated. Some
H-type compounds, namely phenol and methylphenol,
were detected. These only represented 0.5–0.6% of
Py-GC/MS products, with the exception of unbleached
kraft pulp lignin (0.3%), alkali lignin (1%) and O-O-L pulp
lignin (up to 2.2%). These compounds were accompa-
nied by similar amounts of indole and 3-methylindole,
assigned to protein tryptophan residues (Figure 7,
asterisks).
Discussion
Pulp lignin modification by laccase mediator
(after oxygen delignification)
Oxygen as a delignifying agent is widely introduced in
paper pulp manufacture. There is a large body of litera-
ture on its effect on various residual lignins (Argyropoulos
2001), including eucalypt pulp lignin (Duarte et al. 2001;
Ibarra et al. 2007). Double oxygen delignification of E.
globulus kraft pulp resulted in a decrease in kappa num-
ber (4 points) and increase in brightness (15 points).
However, the structural characteristics of the residual lig-
nin were not strongly affected, in agreement with other
studies (Gellerstedt et al. 1999). The reason for this is that
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Figure 3 Expanded side-chain region, dC/dH 50–95/2.6–5.6 ppm, of the HSQC spectra of lignins from: (a) unbleached kraft pulp;
(b) O-O-a pulp; (c) O-O-L pulp; (d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. See Table 2 for signal assignment.
Table 3 Relative abundance of main inter-unit linkages and terminal structures as a percentage of total side chains from integration
of 13C-1H correlation signals in the HSQC spectra of lignins isolated from the enzyme-containing (O-O-L-Q-PoP) and control (O-O-
a-Q-PoP) sequences, and the alkali lignin and residual lignin from the alkali-treated laccase-mediator pulp (O-O-L-E).
Linkage relative abundance in lignin (%)
Kraft pulp O-O-a O-O-L Alkali O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
b-O-49 (A) 72 74 100 100 83 81 78
Resinol (B) 17 15 0 0 13 6 9
Phenylcoumaran (C) 1 1 0 0 0 3 3
b-O-49 with carboxyl in Ca9 (D) 0 0 0 0 0 4 3
p-Hydroxycinnamyl alcohol (E) 2 3 0 0 0 1 2
Ar-CHOH-COOH (F) 2 2 0 0 3 4 4
b-O-49 with Ca or Cg ether-linked 6 4 0 0 0 0 0
to carbohydrate (I, J)
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Figure 4 Expanded aromatic region, dC/dH 100–127/6–7.8 ppm, of the HSQC spectra of lignins from: (a) unbleached kraft pulp; (b)
O-O-a pulp; (c) O-O-L pulp; (d) O-O-L-E pulp; (e) O-O-a-Q-PoP pulp; and (f) O-O-L-Q-PoP pulp. See Table 2 for signal assignment.
Cross-signals for contaminating protein (Pr) are also visible.
the altered lignin is removed from the pulp under the
alkaline conditions. In contrast, the laccase mediator
stage only slightly improved the kappa number and
brightness of the oxygen-delignified pulp, but strongly
modified the structural characteristics of the remaining
lignin.
The eucalypt pulp residual lignin is rich in S units, in
agreement with in situ analyses based on Py-GC/MS of
the whole pulp (del Rı´o et al. 2001). In this context, it
should be remembered that all degradation techniques
preferentially affect the S units of lignins. Thus, a correc-
tion factor of approximately 0.3–0.5 has been suggested
to calculate the true S/G ratio (Sarkanen and Hergert
1971). The predominance of S units in the eucalypt kraft
pulp residual lignin was confirmed by the high intensity
of S cross-signals in the aromatic region of the HSQC
spectra compared to those assigned to G units. A
decrease in S/G ratio after the laccase mediator treat-
ment was demonstrated by Py-GC/MS and FTIR
spectroscopy (S/G estimation by HSQC NMR was ham-
pered by the formation of oxidized structures), in agree-
ment with enzymatic delignification of other angiosperm
pulps (Poppius-Levlin et al. 1999a; Camarero et al. 2004).
A characteristic of the eucalypt pulp lignin isolated
after the laccase mediator treatment is the presence of
oxidized units. Oxidation of major S units was evidenced
by the C2,6-H2,6 correlation signal with dC/dH around 107/
7.2–7.3 ppm, which appeared in the HSQC aromatic
region together with the cross-signal at 105/6.7 ppm. H2,6
correlations in the HMBC spectra indicated that the latter
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Table 4 Assignment of 13C-1H correlation signals involving lignin quaternary carbons in the HMBC spectra shown in Figure 5.
dC/dH (ppm) Assignment
127.1/7.19 C1-H2,6 in oxidized (CaOOH) syringyl units (S0)
127.1/7.32 C1-H2,6 in oxidized (CasO) syringyl units (S9)
134.7/6.69 C1-H2,6 in syringyl units (S)
138.4/6.69 C4-H2,6 in syringyl units (S)
140.7/7.19 C4-H2,6 in oxidized (CaOOH) syringyl units (S0)
141.5/7.32 C4-H2,6 in oxidized (CasO) syringyl units (S9)
148.0/3.83 C3,5-HMeO in phenolic syringyl units (S9) and C3-HMeO in G units
148.0/7.32 C3,5-H2,6 in oxidized (CasO) syringyl units (phenolic) (S9)
152.5/3.73 C3,5-HMeO in etherified syringyl units (S and S0)
152.5/6.69 C3,5-H2,6 in etherified syringyl units (S)
152.5/7.19 C3,5-H2,6 in oxidized (CaOOH) syringyl units (etherified) (S0)
167.3/7.19 Ccarboxyl-H2,6 in oxidized (CaOOH) syringyl units (S0)
170.0/1.78, 172.4/1.91 and 174.9/2.18 Ccarboxyl-Halkyl in fatty acids (L)
197.9/7.32 Ccarbonyl-H2,6 in oxidized (CasO) syringyl units (S9)
signal corresponds to normal units bearing a hydroxyl in
Ca (S), whereas the former included two partially over-
lapping signals corresponding to oxidized units bearing
a ketone (S9 with dC 198 ppm) or carboxyl group (S0 with
dC 167 ppm) in Ca. In addition to a higher degree of oxi-
dation, the percentage of oxidized units was several-fold
higher in residual lignin isolated from the O-O-L pulp
(59% of lignin units) than in the O-O residual lignin (10%
of units). Moreover, HMBC correlations, including C3,5-
H2,6 cross-signals, indicated that the S (non oxidized) and
S0 (syringic acid) units were basically C4-etherified (dC
152 ppm), whereas the S9 (syringone) units were predom-
inantly phenolic (dC 148 ppm). 1H NMR of acetylated lig-
nin from eucalypt pulp (results not shown) indicated that
the phenolic units left after oxygen delignification were
not preferentially removed during laccase-HBT treatment.
The increase in conjugated carbonyls/carboxyls after
laccase mediator treatment was confirmed by Py-GC/MS
release of lignin markers with oxidized side chains, and
FTIR bands at 1655–1661 and 1716–1717 cm-1. The for-
mer band is also typical of amide carbonyls from protein
as confirmed by Py-GC/MS (indole and 3-methyl-
indole markers) (Ibarra et al. 2004), and HSQC cross-sig-
nals of tyrosine (115/6.6 and 130/7.0 ppm; one of them
overlapping with C5-H5 signal in G units), phenylalanine
(129/7.2 ppm), and tryptophan residues (112/7.3, 119/
7.0, 119/7.5, and 121/7.0 ppm). Based on the fact that
contaminating protein was more abundant in the O-O-L
lignin, we suggests that it originated from the laccase of
the bleaching step, in addition to cellulase used in lignin
isolation (Chen et al. 2003; Ibarra et al. 2004). As indi-
cated by Py-GC/MS and FTIR, these samples also con-
tain benzotriazole that was incorporated into the lignin
during the laccase-HBT treatment. This compound inter-
feres in protein estimation based on N content (1–2% N
can be found in most residual lignins, but up to 5% N
after laccase mediator treatment). The enrichment in lig-
nin H units during pulp delignification reported in other
studies (Akim et al. 2001; Tamminen et al. 2003) is most
probably due to contaminating protein, as tyrosine resi-
dues gives rise to the same Py-GC/MS products and
HSQC correlations (Choi and Faix 1998).
Oxidized units have been detected in lignin from pine
pulp based on G-unit C2-H2 and C6-H6 correlations
(Balakshin et al. 2003). Small signals with dC/dH 112/7.5
and 124/7.4 ppm are indicative of traces of such units in
residual lignin obtained from the O-O-L pulp, together
with the oxidized S units. The formation of conjugated
carbonyls/carboxyls is a characteristic of oxygen
delignification of pulp (Asgari and Argyropoulos 1998;
Gierer 2000). These functional groups have also been
detected after laccase mediator treatment using 13C and
31P NMR and FTIR spectroscopy (Sealey and Ragauskas
1998; Poppius-Levlin et al. 1999b; Chakar and Ragaus-
kas 2004). The generation of Ca-oxidized structures is
congruent with the nature of the lignin biodegradation
process, which has been described as an ‘‘enzymatic
combustion’’ (Kirk and Farrell 1987). The action of lac-
case-HBT on some aromatic compounds is initiated by
abstracting one electron and one proton from the Ca
atom (Cantarella et al. 2003). Aromatic ring oxidation (and
cation radical formation) has also been reported during
degradation of non-phenolic dimers by laccase-HBT.
However, the Ca attack followed by alkyl-aryl ether
breakdown predominates and releases aromatic acids
(Kawai et al. 2002). Our results confirm this, since the
formation of syringic acid terminal units was the main
lignin modification after eucalypt pulp treatment with lac-
case-HBT.
The major inter-unit linkages in E. globulus residual lig-
nin belong to the b-O-49 and resinol types (Balakshin
et al. 2001b). b-O-49 substructures (A) were highly pre-
dominant in all of the eucalypt residual lignins analyzed,
with relative abundances of )78% of side-chain struc-
tures. Approximately 6% of these structures were ether-
ified with carbohydrates (see I and J in the residual lignin
from kraft and oxygen-delignified pulps). Laccase medi-
ator degradation did not uniformly affect the different
eucalypt lignin substructures, as revealed by 2D NMR of
the enzymatically isolated lignin. Resinols (B), accounting
for 17% of side-chains in unbleached kraft pulp lignin
and 15% in O-O pulp lignin, were absent from lignin iso-
lated after the laccase mediator treatment. Minor phe-
nylcoumaran (C) substructures in kraft pulp lignin (1%)
were not modified by oxygen delignification. However,
they were absent from the O-O-L lignin, and the same
phenomenon was evident for the terminal sinapyl alcohol
(E) and Cb-oxidized structures (F) that initially represent-
ed 2% of the side chains. The latter were tentatively
assigned according to Balakshin et al. (2003). The p-
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Figure 5 Total HMBC spectra, dC/dH 0–210/0–9 ppm (a, d and g), and expanded, dC/dH 60–210/6–8 ppm (b, e and h) regions
showing correlations between H2,6 and different carbons (dotted lines) in oxidized (S9 and S0) and non-oxidized (S) units (for which
HSQC C2,6-H2,6 cross-signals are visible in c, f and i) of lignins from: (a–c) O-O-a pulp; (d–f) O-O-L pulp; and (g–i) O-O-L-Q-PoP pulp.
Rectangles in a, d and g indicate the region expanded in b, e and h. See Table 4 for signal assignment. Cross-signals for contaminating
PP and a DMAC proton to amide carbon correlation (DMACCON) are visible in a, d and g.
hydroxycinnamyl alcohol structures most probably cor-
respond to sinapyl alcohol because of the S-rich lignin in
eucalypt pulp. The same applies to the resinol substruc-
tures that mainly correspond to syringaresinol, together
with small amounts of pinoresinol and the S-G hybrid
substructure. Spirodienones and dibenzodioxocins were
absent from the eucalypt pulp lignins.
The 2D NMR spectra exhibit xylose and other carbo-
hydrate cross-signals. Our interpretation is that the resid-
ual lignins are in fact lignin-carbohydrate complexes
(Duarte et al. 2001). Cross-signals in residual lignins
before the enzymatic stage revealed ether linkages
between lignin Ca or Cg and polysaccharide primary
hydroxyls (I and J) (Helm et al. 1997; Balakshin et al.
2003). These polysaccharides mainly contained xylose
and glucose units (data not shown), in agreement with
other studies (Capanema et al. 2004a). Therefore, the
above ether linkages are most probably between lignin
and glucopyranose units in eucalypt heteropolysaccha-
rides (Shatalov et al. 1999; Evtuguin et al. 2003). A minor
cross-signal with dC/dH 102/4.9 ppm was assigned to
xylopyranose C1 forming a glycosidic-type linkage with a
phenolic hydroxyl in lignin, as reported by Balakshin
et al. (2001b), but its relative abundance was very low.
The latter authors also suggested that C3 of xylan units
in eucalypt residual lignins could be ether-linked to lignin.
However, the preponderance of benzyl ether linkages
with primary hydroxyls of carbohydrates is well estab-
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Figure 6 FTIR spectra (2000–600 cm-1) of: (a) unbleached kraft
pulp lignin; (b) O-O-a pulp lignin; (c) O-O-L pulp lignin; (d) alkali
lignin recovered after alkaline treatment of the O-O-L pulp; (e)
O-O-L-E pulp lignin; (f) O-O-a-Q-PoP pulp lignin; and (g) O-O-
L-Q-PoP pulp lignin. See the text for band assignment.
Figure 7 Py-GC/MS of lignins from (a) O-O-a pulp and (b) O-
O-L pulp. See Table 3 for peak identification. Minor peaks cor-
responding to phenol, 4-methylphenol, indole and 3-methyl
indole (left to right) are indicated with asterisks, together with
the benzotriazole (BT) peak in b.
lished (Koshijima and Watanabe 2003; Balakshin et al.
2007). Moreover, C3 hydroxyl is often acetylated in euca-
lypt xylan (Evtuguin et al. 2003). Xylan and other carbo-
hydrate cross-signals still showed high intensities after
the laccase mediator treatment, while lignin side-chain
cross-signals strongly decreased. Residual lignin isolated
after the enzymatic treatment was also enriched in ali-
phatic non-oxygenated structures. These could include
either lignin degradation products or complexes with
pulp lipids (L), as indicated by HMBC NMR (alkyl-car-
boxyl correlations with dH -2.2 ppm).
Effect of alkaline peroxide after laccase mediator
treatment of pulp
Hydrogen peroxide is a common reagent in TCF
sequences, often in combination with oxygen. Its action
on pulp lignin has been investigated (Argyropoulos 2001),
including eucalypt pulp in TCF bleaching (Ibarra et al.
2007). The peroxide stage decreased the kappa number
by approximately 3.5 points for both the enzyme-con-
taining and control sequences. Simultaneously, the ISO
brightness increased by 32–33 points. The enhanced
peroxide bleachability of pulps treated with laccase
mediator is known (Sealey et al. 2000; Camarero et al.
2004; Ibarra et al. 2006a). The properties of the final
product (brightness )91% ISO and kappa number 2.4
corrected for the contribution of hexenuronic acids) indi-
cate that the benefits of the laccase mediator stage were
maintained (Ibarra et al. 2006a). A moderate decrease in
pulp viscosity occurred after laccase mediator treatment,
but this was lower than that caused by other delignifying/
bleaching agents, such as O2 or H2O2, and can be pre-
vented by a reductive stage (Camarero et al. 2004).
Alkaline peroxide strongly modified the characteristics
of the O-O-L eucalypt pulp. A pulp bleached by O-O-L
was additionally treated with alkali under PoP conditions
to investigate the action mechanism of the alkaline per-
oxide stage. A strong decrease in kappa number and
modification of residual lignin were observed after this
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Table 5 Py-GC/MS of the lignins isolated from eucalypt pulps in the course of the bleaching sequence including a laccase mediator
stage (O-O-L-Q-PoP) and the control sequence (O-O-a-Q-PoP), as well as the alkali lignin and residual lignin (O-O-L-E) from alkali-
treated pulp.
Mean molar abundance in lignina
Kraft pulp O-O-a O-O-L Alkali O-O-L-E O-O-a-Q-PoP O-O-L-Q-PoP
1. Guaiacol 6.1 6.5 11.9 13.5 5.9 3.8 3.9
2. 4-Methylguaiacol 1.7 1.8 1.5 1.7 1.4 1.5 3.1
3. 4-Vinylguaiacol 6.2 6.3 3.9 2.6 6.4 5.9 5.8
4. Syringol 18.4 19.3 24.8 28.2 18.7 13.8 15.1
5. t-Isoeugenol 3.3 3.2 1.3 2.2 2.5 2.5 2.1
6. 4-Methylsyringol 4.8 4.9 3.2 3.3 4.7 6.0 13.3
7. Vanillin 1.0 1.4 1.3 1.2 1.1 0.8 0.8
8. Propine-guaiacol 1.1 0.5 0.3 0.0 1.5 1.0 0.2
9. 4-Ethylsyringol 1.4 1.9 1.1 1.2 1.6 1.3 3.2
10. Methyl vanillate 0.3 0.3 1.7 1.5 0.0 0.5 0.6
11. Acetoguaiacone 0.8 0.9 4.4 3.8 1.1 0.5 0.4
12. 4-Vinylsyringol 14.5 14.2 7.3 4.9 16.5 18.4 17.0
13. Guaiacyl-acetone 1.5 1.8 2.4 3.7 1.3 1.4 1.7
14. 4-Allylsyringol 2.2 2.4 0.9 0.6 2.0 2.6 2.7
15. c-Propenylsyringol 1.3 1.6 0.7 0.0 1.3 1.5 1.4
16. Propine-syringol 7.7 3.2 3.7 0.0 8.3 8.5 3.4
17. t-Propenylsyringol 8.8 9.7 4.0 2.3 9.2 10.2 9.2
18. Syringaldehyde 3.0 3.4 2.2 2.3 2.6 2.8 2.4
19. Methyl syringate 0.5 0.8 3.5 2.8 0.8 1.3 1.4
20. Acetosyringone 2.6 2.6 7.8 6.5 2.7 2.1 1.3
21. Syringylacetone 5.1 6.6 7.6 13.3 6.7 6.3 7.4
22. Propiosyringone 0.5 0.5 1.2 0.6 0.4 0.3 0.6
23. t-Synapaldehyde 3.4 2.7 0.0 0.0 2.0 4.0 1.2
S/G ratio 3.0 3.0 2.3 2.2 3.5 3.9 4.0
C6-CsO (%)b 16.4 19.4 34.2 38.8 17.1 16.8 16.9
C6-C0-1 (%)c 36.1 38.7 50.2 54.5 35.3 30.6 40.5
a Mean molar abundances of Py-GC/MS markers attaining 1% in at least one sample.
b Percentage of markers bearing a carboxyl/carbonyl group.
c Percentage of markers bearing side chains of 0–1 C atoms.
alkaline treatment. The brightness was only slightly
improved. Two-dimensional NMR showed that the solu-
ble alkali lignin was structurally related to the enzymatic
lignin isolated from the O-O-L pulp. It was characterized
by the presence of b-O-49 substructures, and over 25%
of Ca-oxidized units with respect to the total aromatic
units. The latter finding is in agreement with the higher
percentage of oxidized side-chain markers detected by
Py-GC/MS. These results, together with the analysis of
the O-O-L-E residual lignin that had only 10% oxidized
units, as shown by HSQC NMR, reveal that the PoP alka-
line conditions are responsible for the decrease in kappa
number, which is due to alkali removal of the oxidized
lignin formed during the laccase mediator stage. More-
over, the presence of a strongly oxidized lignin fraction,
which will be preferentially recovered during enzymatic
isolation of lignin, explains the structural characteristics
of the O-O-L residual lignin described above. A more
complete study on the effect of laccase-HBT on pulp lig-
nin, including the alkali-extractable fraction and that
remaining in pulp, is not possible owing to the moderate
yield of residual lignin. The need for alkaline treatment for
pulp delignification after oxidative enzymatic treatment is
known from other biobleaching studies (Bourbonnais and
Paice 1996). Release of altered lignin, including Ca-oxi-
dized units, has been described by Balakshin et al.
(2001a) during alkaline extraction of pine pulp treated
with laccase-HBT. The alkali lignin extracted from euca-
lypt pulp treated with laccase mediator was also rich in
carbohydrates, in agreement with results reported by the
latter authors.
The action of hydrogen peroxide was required for a
significant improvement in eucalypt pulp brightness. This
was correlated with a nearly 50% decrease in resinol
substructures (only 6–9% of the side chains left) and
detection of phenylcoumaran (3%) and sinapyl (1–2%)
structures. A very small cross-signal was found after per-
oxide treatment, with dC/dH 80.2/5.49 ppm, correspond-
ing to Ca-Ha in a-O-49/b-O-40 substructures (A¨mma¨lahti
et al. 1998). The peroxide treatment decreased the total
amount of conjugated carbonyls/carboxyls. These chro-
mophoric groups amounted to only 5–7% in the final
residual lignin. Accordingly, conjugated ketones (S9) were
absent, whereas some terminal structures with conjugat-
ed (S0) and non-conjugated (F) carboxyls were still visible
in the 2D NMR spectra. An increase in carboxyls has
been described after peroxide bleaching of other pulps
(Gellerstedt et al. 1999). The high intensity of the FTIR
band around 1720 cm-1 is a clear indication of this (Hort-
ling et al. 1997). We also observed this phenomenon for
the O-O-Q-PoP eucalypt lignin compared to the spec-
trum of the O-O lignin. By contrast, residual lignins after
O-O-L-Q-PoP and O-O-a-Q-PoP sequences failed to
reveal any structural changes that could be correlated to
the improvement in pulp properties after laccase medi-
ator treatment (in particular the brightness increase). This
indicates that no chromophoric groups were specifically
destroyed by the laccase mediator treatment. We sug-
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gest that the improvement in final brightness is mainly
due to a lower lignin content caused by enzymatic
delignification.
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